slant perception in the direction opposite to that induced by horizontal shear disparities. Based upon their additional experiment showing that torsional eye movements during observation of disparate patterns were not enough to cancel vertical shear disparities, they concluded that the human visual system has a sensory mechanism that utilizes vertical shear disparities to prevent false slant perception from horizontal shear disparities caused by small control errors of torsional eye movements. If such a mechanism works perfectly, cyclodeviations in strabismic patients cause no visual space distorsion. However, a subsequent study 3 showed that the effect of vertical shear disparities does not always completely counterbalance that of the horizontal shear disparities. Thus, binocular cyclodeviations can induce abnormal slant perception.
It is important for clinicians to understand this aspect of symptoms associated with cyclo-vertical strabismus. However, most previous researchers used specially designed devices under experimental conditions, but a testing method suitable for clinical use has not yet been established. The synoptophore is commercially available and routinely used in clinics to measure strabismic deviations. In this research, using the synoptophore, we quantified the slant perception induced by cyclodisparities in normal subjects and evaluated the validity and usefulness of this method. We then argue the possibility of abnormal slant perception in patients with cyclo-vertical strabismus.
Subjects and Methods

Subjects
We tested 17 normal subjects (11 men and 6 women), who did not have any eye disease other than refractive errors. Their ages ranged from 24 to 43 years (mean Ϯ SD, 28.4 Ϯ 5.8 years). The refractive errors (equivalent sphere) were from 0.0 to Ϫ9.1 D (mean Ϯ SD, Ϫ2.8 Ϯ 2.6 D). During examinations, they were corrected for with the contact lenses or glasses usually used by the subjects. In the alternate prism cover test (APCT), the phoria angle was from 0 to Ϫ4 prism diopters (PD) at distance and from Ϫ2 to Ϫ20 PD at near viewing. In the Bagolini striate glass test, binocular single vision was confirmed in all subjects. The near stereoscopic vision of all subjects passed the 60-s threshold using the TNO stereo test (Lameris, Netherland). In accord with the Helsinki Declaration, after an explanation about the nature of this research and the target results, consent was obtained from all subjects.
Experimental Equipment
A synoptophore, model 2001 (Haag-Streit UK, Harlow, Essex, UK), was used to present cyclodisparities (Fig. 1) . The distance from the cornea of the subjects to the target holder of the synoptophore was 148 mm, and we made two translucent plastic boards, each with a vertical line 82 mm long and 1 mm wide, as targets. This converted to a visual angle of 31.0°(height) and 0.4°(width) from the eye position of the subject. These targets were inserted in the target holders of the synoptophore for the two eyes. The fixation point was not set in the target at this time, and the subject was allowed to move his or her gaze freely on the target. Concave lenses (Ϫ2.00 D) were added to the eyepieces of both eyes on the synoptophore, and the angle of convergence was set at 2 meter angles, or 12 PD, which was equivalent to placing the target 50 cm in front of the subject's eyes.
A slant-matching box (Fig. 2 ) was made to measure the quantity of perceived slant to the cyclodisparity. The box was placed at a distance of 50 cm from the subject's eye position, while keeping its front surface perpendicular to the subject's visual axes. A vertical "inspection" stick could be pivoted freely back and forth about a horizontal axis, and the slant angle of the stick presented by the subject was measured with a protractor attached to the side of the box.
Experiment 1: Quantification of Perceived Slant by the Matching Method
The subject binocularly observed the line of the targets and memorized the perceived slant of the line. Then, the subject looked at the slant-matching box to match the slant angle of the memorized slant. The subject could repeat the observation and the manipulation until he or she was satisfied. When the subject finished matching, the experimenter measured the slant angle of the inspection stick with the protractor. When the subject was observing the test stimulus, the experimental room was carefully darkened so that the subject could not see anything except the stimulus. One experimental block consisted of nine trials. Cyclodisparities of 0.0°, Ϯ2.5°, Ϯ5.0°, Ϯ7.5°, and Ϯ10.0°("ϩ" shows the incyclo-and "Ϫ" shows the excyclodisparity) were presented in random order. Within the range of cyclodisparities, all subjects were able to fuse the targets. After a 5-min break, the same block was repeated to evaluate the test-retest repeatability of the measurements.
Experiment 2: Measurement of the Cyclodisparity Thresholds for Top-Away and Top-Forward Slants
Binocular cyclodisparity thresholds for top-away and topforward slants were measured by the method of limits to evaluate the disparity range where the target appeared upright. First, the experimenter adjusted the amount of cyclodisparity until the line appeared roughly upright, checking the subject's response. Then, 4°or 5°of disparity were added to the provisional value, and the result was used as the starting disparity. After observing the target, the subject selected one of three possible answers: "top-rotation of slides right eye left eye perceived slant when looking through synoptophore Figure 1 . Different cyclodisparities were evenly presented to both eyes at random with a synoptophore. Top-forward slant of the vertical line was perceived when an incyclodisparity was presented, while top-away slant was perceived when an excyclodisparity was presented. forward," "straight," or "top-away," based upon the direction of the perceived slant of the line. If the answer was "top-forward" or "straight," the disparity was decreased by a step of 1°and the trial was repeated. If the answer was "top-away," the descending series was finished. The disparity of the last observation was defined as the threshold for top-away slant. Next, Ϫ4°or Ϫ5°of disparity were added to the provisional disparity, and the threshold for topforward slant was determined in a similar way but with an ascending series. These descending and ascending series were performed twice for each subject.
To obtain a representative value from the disparity range corresponding to no perceptual slant, the mean of the thresholds for top-away and top-forward slants was calculated. We referred to this value as the slant-nulling cyclodisparity. The test-retest repeatability of the measurement of the mean slant-nulling cyclodisparity (95% limits of agreement) 12 was also assessed.
Results
Experiment 1
The relationship between the cyclodisparities and the amount of perceived slant of the line of the targets is shown in Fig. 3 . Top-forward slant was perceived when incyclodisparities were presented, while top-away slant was perceived when an excyclodisparity was presented. As the cyclodisparity increased, the amount of perceived slant became larger. When a cyclodisparity of 10°, which was almost the fusional limit, was presented, the maximum slant was observed (the averaged value was 39°for the incyclodisparity and 35°for the excyclodisparity). The amount of perceived slant, S, is geometrically predicted by equation (1), where D is the interpupillary distance, I is the distance between the subject's eyes and the target, and T is the given cyclodisparity.
(1)
The predicted slant angles for cyclodisparities of 0.0°, 2.5°, 5.0°, 7.5°, and 10.0°are 0.0°, 18.6°, 33.9°, 45.2°, and 53.4°, respectively. 13 Compared with these theoretical values, the amounts of perceived slant in this experiment were considerably smaller. A nonlinear regression analysis with Figure 4A shows the repeatability in the gain assessment as a difference versus mean plot. 12 The variation in the differences between the values obtained on two different occasions was almost constant throughout the range of the gains, and the mean of the differences was 7 Ϯ 9%. The 95% confidence limits of the difference, or the repeatability, were Ϯ24%. The mean gain measured in the first measurement session was slightly larger than that measured in the second (P ϭ 0.002, paired t test). . The data are shown as a plot of the difference versus the mean.The repeatability (mean of the differences between two independent measurements Ϯ1.96 ϫ SD of the differences) of the gain measurement was from Ϫ10% to 24%. The repeatability of the slantnulling cyclodisparity measurement was from Ϫ0.8°to 1.0°. ϩ, incyclodisparity; Ϫ, excyclodisparity.
Experiment 2
The mean cyclodisparity thresholds for top-away and top-forward slants were Ϫ1.1°and 0.6°, respectively. The mean (ϮSD) slant-nulling cyclodisparity was Ϫ0.3 Ϯ 0.5°. This was not significantly different from 0°(paired t test). Figure 4B shows the repeatability of this measurement. The mean of the differences between two measurements obtained on two different occasions was 0.1 Ϯ 0.5°(this was not significantly different from 0°), and the repeatability of the measurement was from Ϫ0.8°t o 1.0°.
Discussion
The results of this study demonstrated that the synoptophore is useful to quantify slant perception induced by cyclodisparities in normal subjects. Although some intersubject variation was found, all 17 subjects perceived a considerable amount of slant of the vertical line within the individual cyclo-torsional fusion range. The relationship between cyclodisparities and the amount of perceived slant in normal subjects was in good agreement with the previously reported results under psychophysical experimental conditions. The gain of perceived slant was rather small (64%), when compared with the geometrically predicted slant. 3, [14] [15] [16] This small gain is partially explained by visually induced cyclovergence. When fusional eye movement occurs in response to the cyclodisparity of the targets, the cyclodisparity on the retina is reduced by the amount of eye movement. We did not measure eye movement in this study, but reportedly the gain in visually induced cyclovergence is low (approximately 0.2). 2, 17 In addition, depth-cue conflict probably explains the smaller perceptual slant. 2 If a vertical line is slanted in the real three-dimensional world, the closer part usually appears wider because of perspective. More depth information, such as motion parallax, 18 texture gradient, shading, and so on, is also available. On the other hand, the vertical line we used as the target had the same width at both ends and was unusual in this point. Without pictorial or additional depth cues, it is not surprising that slant was underestimated.
Binocular disparities can be categorized into four different classes: horizontal shear disparity, vertical shear disparity, rotation, and deformation. Howard and Kaneko 2 separately presented these types of disparity to healthy subjects with random dots and examined differences in the perceived slant. They concluded that the amount of perceived slant differed with the class of disparity, the amount of disparity, the size of the stimulus, and the presence of a background. The vertical line we used as a stimulus substantively corresponds to their condition of horizontal shear disparity with a stimulus size of 30°. Under this condition, subjects reported a perceived slant of 25°for a horizontal shear disparity of 5°. This value agrees well with ours (Fig. 3) , indicating that it is possible to estimate a reasonable amount of perceived slant using the synoptophore and the slantmatching box.
However, in the gain measurements of the perceived slant, the test-retest repeatability was rather poor. It appears that more repetitions of the trials are necessary to obtain the gain accurately by the matching method. When moving from the synoptophore to the matching box, subjects were required to memorize the perceived slant. This process might limit the accuracy of the measurement. Besides, the visual matching method may be difficult to use for patients having a binocular cyclo-torsional deviation, because the deviation will equally influence the appearance of the matching device. A tactile matching method is probably a solution to the memory problem and a necessary extension of the stereo matching test to apply to patients. In the tactile matching method, subjects manipulate the inspection stick using the tactile sense alone while looking into the synoptophore (open-loop conditions of eye-hand coordination), and the subjects do not need to memorize the slant of the vertical line.
We estimated the cyclodisparity thresholds for top-away and top-forward slants by the method of limits. As methods to estimate thresholds, other psychophysical techniques, such as the method of adjustment and the method of constant stimuli, can be used. However, the method of adjustment was not suitable because the rotation angle of the test stimulus should be the same, but in the opposite direction, for both eyes so that the vertical line slants in the pitch plane. Because of the way the synoptophore is constructed, it is impossible for the subject to make the target rotate evenly without using the scale. The method of constant stimuli was not practical for use in the clinical examination of these patients because it requires too many trials to estimate thresholds.
In contrast to the matching experiment for the suprathreshold slant, the measurements for the threshold showed excellent test-retest repeatability. The mean cyclodisparity thresholds for detecting slant were within 1.1°, indicating that slant perception itself is an extremely keen sense in normal subjects. Clinically, a cyclo-torsional deviation up to 10°is common and usually compensated by sensory fusion in patients with cyclo-vertical strabismus. A very large cyclodisparity induces diplopia, but patients probably perceive an abnormal slant once they achieve sensory fusion, at least partially or intermittently. In fact, Lindblom et al. 19 reported that patients with acquired superior oblique palsy perceived a vertical rod as being tilted toward them in the pitch plane.
Abnormal two-dimensional spatial localization, or "pastpointing," is a well-known phenomenon, but it appears only in the initial phase of ocular motor paralysis. 20 A similar adaptive change was also reported for distortion of threedimensional spatial localization induced by a monocularly placed horizontal size lens. 21 To determine if a similar sensory adaptation can be expected for abnormal slant perception accompanied by cyclo-torsional deviations in patients, it will be useful to successively measure the slantnulling cyclodisparity.
In conclusion, the slant perception induced by cyclodisparities was reasonably assessed with the synoptophore. The cyclodisparity thresholds obtained here were much lower than the cyclodeviation range of patients with cyclovertical strabismus, indicating that a considerable number of patients may have abnormal slant perception, or distortion of three-dimensional spatial localization, once they achieve sensory fusion.
